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Rsp1p, a J Domain Protein Required for Disassembly
and Assembly of Microtubule Organizing Centers
during the Fission Yeast Cell Cycle
use multiple MTOCs to form different MT structures (Ha-
gan, 1998; Hagan and Petersen, 2000). The reorganiza-
tion of MTOCs may contribute to changes in cellular
architecture during development. While many animal
cells exhibit the typical astral array of MTs organized
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complex arrangements of MTOCs that organize nonra-2 Laboratory of Chromosome Structure and
dial, linear MT arrays (Dammermann et al., 2003; KeatingFunction
and Borisy, 1999; Mogensen, 1999).Kazusa DNA Research Institute
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and activities of MTOCs are regulated. ExperimentsKisarazu, Chiba 292-0818
showing de novo assembly of centrosomes and centri-Japan
oles suggest that there must exist both global positive
and negative regulation of centrosomal numbers (Khod-
jakov et al., 2002). Excess numbers of centrosomes are
a common feature of cancer cells and may contributeSummary
to the development of cancer (Doxsey, 2001). Many
centrosomal proteins reside outside of the centrosomeRegulation of microtubule organizing centers (MTOCs)
in the cytoplasm, often in the form of small particles,orchestrates the reorganization of the microtubule
which may contribute to MTOC dynamics (Kubo et al.,(MT) cytoskeleton. In the fission yeast Schizosacchar-
1999; Moudjou et al., 1996; Paoletti et al., 1996; Zimmer-omyces pombe, an equatorial MTOC (eMTOC) at the
man and Doxsey, 2000).cell division site disassembles after cytokinesis, and
S. pombe cells have three classes of MTOCs: themultiple interphase MTOCs (iMTOCs) appear on the
spindle pole body (SPB), the equatorial MTOC (eMTOC),nucleus. Here, we show that, upon eMTOC disassem-
and multiple interphase MTOCs (iMTOCs) (Hagan, 1998;bly, small satellites carrying MTOC components such
Hagan and Petersen, 2000; Heitz et al., 2001; Tran etas the-tubulin complex travel in both directions along
al., 2001). The SPB embeds into the nuclear envelopeinterphase MTs. We identify rsp1p, an MTOC protein
and organizes the mitotic spindle and cytoplasmic astralrequired for eMTOC disassembly. In rsp1 loss-of-func-
MTs during mitosis (Ding et al., 1993; Hagan, 1998). Thetion mutants, the eMTOC persists and organizes an
cytoplasmic face of the SPB may organize astral MTabnormal microtubule aster, while iMTOCs and satel-
bundles and at least one MT bundle in interphase (Haganlites are greatly reduced. Conversely, rsp1p overex-
and Yanagida, 1995).pression inhibits eMTOC formation. Rsp1p is a J do-
The eMTOC nucleates MTs from the medial cell divi-main protein that interacts with an hsp70. Thus, our
sion site during cytokinesis (Hagan, 1998; Heitz et al.,findings suggest a model in which rsp1p is part of a
2001). This eMTOC assembles in midanaphase as achaperone-based mechanism that disassembles the
partial ring of -tubulin at the contractile ring site. TheeMTOC into satellites, contributing to the dynamic re-
eMTOC ring closes with the contractile ring and thendistribution of MTOC components for organization of
forms one or two dots at the septum that disassembleinterphase microtubules.
at the end of cell division. One function of the eMTOC
may be to maintain the position of the contractile ring
(Pardo and Nurse, 2003). eMTOC formation requires theIntroduction
actin contractile ring but not microtubules, and its as-
sembly may be triggered by the anaphase promotingMicrotubules (MTs) and microtubule organizing centers
complex (APC) and the septum initiation network (SIN)(MTOCs) are important elements in the establishment of
of cell cycle regulators (Heitz et al., 2001).cellular architecture. MTOCs contain protein complexes
The iMTOCs organize a longitudinal array of threesuch as the -tubulin complex (Bornens, 2002; Moritz
to five MT bundles from the nuclear envelope duringand Agard, 2001; Zimmerman et al., 1999), which nucle-
interphase. Each MT bundle is composed of two toate MTs and regulate their distribution and dynamics.
seven MTs arranged in an antiparallel configuration, withDuring cell cycle progression, a single MTOC may adopt
the dynamic MT plus ends extending toward the celldifferent functions. For instance, MTOCs may direct the
tips and stable minus ends near the nucleus (Drummondformation of a radial MT array or flagella during in-
and Cross, 2000; Sagolla et al., 2003; Tran et al., 2001).terphase and then organize a mitotic spindle in mitosis.
When the MTs are depolymerized, three to five stableSome cell types, such as Schizosaccharomyces pombe,
perinuclear tubulin stubs remain. Upon MT regrowth,
MTs grow from these stubs and rapidly reestablish the
interphase MT array (Tran et al., 2001). One of these*Correspondence: fc99@columbia.edu
MTOC structures is the cytoplasmic face of the SPB3 Present address: Department of Cell and Developmental Biology,
(Hagan and Yanagida, 1995). The non-SPB organizingUniversity of Pennsylvania, 421 Curie Boulevard, Philadelphia, Penn-
sylvania 19104. centers have been termed iMTOCs. However, it is not
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yet clear whether iMTOCs nucleate MTs or just attach
and stabilize preexisting MTs. MT bundles center the
nucleus by attaching to the nuclear envelope and pro-
ducing pushing forces as MTs polymerize at cell tips
(Tran et al., 2001). The molecular composition of the
iMTOC is not yet known, but we speculate that it con-
tains factors that are responsible for MT bundling, nucle-
ation, and attachment to the outer nuclear envelope.
To study the molecular mechanisms that are responsi-
ble for interphase MT organization, we have character-
ized the fission yeast gene product rsp1p. Rsp1p is an
MTOC protein that is required for the proper organiza-
tion of the interphase MT cytoskeleton. Unexpectedly,
rsp1 mutants have a defect not only in iMTOC formation
but also in the disassembly of the eMTOC. Rsp1p is a
J domain protein that may act with a chaperone hsp70
to disassemble the eMTOC after cell division, leading
to the formation of the multiple iMTOCs. Time-lapse
images show that rsp1p and -tubulin complexes are
present in small particles that move along MTs, which
may facilitate the dynamic reorganization of MTOCs.
Thus, these studies suggest a chaperone-based mecha-
nism for a transition in MT organization.
Results
rsp1 Mutants Have a Defect in Nuclear Positioning
and Interphase Microtubule Organization
The rsp1-1 (random septum position) mutant was identi-
fied in a visual screen for fission yeast mutants that
are defective in septum positioning (see Experimental
Procedures). rsp1-1 cells often divided at nonmedial
locations to produce cells of unequal size (Figure 1A).
Unlike some other division site positioning mutants, the
division septum still generally formed perpendicular to
the long axis of the cell. Most rsp1-1 cells grown in
standard conditions (25C–30C in liquid cultures) exhib-
ited relatively normal morphologies and actin organiza-
tion, although a small subset of rsp1-1 cells exhibited
abnormal cell morphology (branched, bent, or round cell
shapes). However, when grown on plates at 36C, most
cells had severe morphological defects, such as
“blobby” cells with “buds,” chains of cells with aberrant
multiple septa and multiple nuclei, and small round an-
ucleate cells (Figure 1A).
Figure 1. rsp1 Mutants Have Defects in Septum Placement, Cell
As the position of the division site is thought to dependPolarity, Nuclear Positioning, and Microtubule Organization
on the position of the nucleus (Chang and Nurse, 1996),(A) DIC images of wild-type (FC421) and rsp1-1 (FC1033) cells. Cells
we tested for nuclear positioning defects. In rsp1-1 cells,were grown in liquid culture at 30C (top panels) or on agar plate
the nucleus was mispositioned in 30% of cells (n 605)at 36C (lower panels). Arrowheads indicate septum position.
(B) Wild-type (FC421) and rsp1-1 (FC578) cells were grown at 36C at 30C and in 60% of cells at 37C (n  606) (Figures
and stained with Alexa-phalloidin (green) and DAPI (blue) to show 1B and 1E). The actin contractile ring, which marks the
the placement of the actin ring (arrow) and nucleus in early mitosis. subsequent division site, formed in the vicinity of the
(C) Interphase microtubules in wild-type (FC1025), rsp1-1 (FC1035),
nucleus even in cells with a displaced nucleus (Figureand rsp1 (FC1026) cells expressing GFP--tubulin (pDQ105;GFP-
1B). Thus, this mutant phenotype provides additionalatb2p) were imaged by confocal microscopy. Maximum projections
of Z series are shown.
(D) Quantitation of interphase MT organization (n  400 cells for
each strain). Aster-like MTs are MT foci from which three or more
MTs emanate. Measurements were conducted for fixed wt (FC1025), (F) Immunoprecipitation of the hsp70 ssa1p with rsp1p. Extracts
rsp1 (FC1026), and rsp1-1 (FC600) cells. from yeast strains expressing rsp1p-myc and ssa1p-YFP (FC1146)
(E) Quantitation of nuclear position in interphase cells stained with or only ssa1p-YFP (FC1147) or only rsp1p-myc were immunoblotted
DAPI (n  300 cells for each strain). Nuclear position was judged with anti-GFP and anti-myc antibodies or with anti-tubulin antibod-
to be central (red), between center and cell tip (green), or at cell tip ies for a loading control (left panel) or immunoprecipitated with
(blue). Measurements were conducted for wt (FC421), rsp1 anti-myc antibody and immunoblotted with anti-GFP and anti-myc
(FC778), and rsp1-1 (FC1033). antibodies (right panel). Scale bars, 5 m.
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evidence that the position of the predivisional nucleus well characterized. We tested for an interaction between
rsp1p and the hsp70 ssa1p (GenBank accession numberdictates the site of contractile ring assembly and cell di-
vision. NP 593704). S. pombe ssa1p is in a class of cytoplasmic
hsp70s that includes S. cerevisiae ssa1p, which affectsAs both nuclear positioning and regulation of cell
polarity depend on the interphase microtubule cyto- MT organization, and mammalian hsp70s found in cen-
trosomes (Oka et al., 1998; Liang and MacRae, 1997).skeleton (Chang, 2001), we next examined the organiza-
tion of microtubules in rsp1-1 cells. In wild-type cells, S. pombe ssa1p-GFP coimmunoprecipitated with rsp1-
myc from yeast extracts (Figure 1F). As expected forinterphase microtubules are organized in three to five
bundles oriented along the long axis of the cell (Fig- a chaperone, ssa1p did show background nonspecific
binding, but the level of binding to rsp1 was reproduciblyure 1C, see Supplemental Movie S1 at http://www.
developmentalcell.com/cgi/content/full/6/4/497/DC1) higher. Thus, like other J domain proteins, rsp1p inter-
acts with at least one hsp70.(Hagan, 1998). Strikingly, in most rsp1-1 cells (64%, n
486), interphase microtubules were organized around a The rsp1-1 mutation was a recessive allele, as hetero-
zygous rsp1-1/rsp1 diploid strains formed normal MTsingle focus, forming an aster-like configuration (Figures
1C and 1D). We analyzed MT dynamics using time-lapse arrays and divided in a medial fashion (see Supplemental
Figures S2A and S2B at http://www.developmentalcell.imaging of live cells expressing GFP-tubulin (Tran et al.,
2000). In rsp1-1 cells, microtubules grew and shrank com/cgi/content/full/6/4/497/DC1). Sequencing of the
rsp1-1 mutant allele revealed a single amino acid substi-from the focus of the aster (see Supplemental Movie
S2). Rates of MT growth and shrinkage, frequency of tution (P41L) in the invariant HPD motif of the J domain
(see Supplemental Figure S1), which directly contactsMT catastrophe, and mean MT dwell times at cell tips
were normal in rsp1-1 cells (data not shown). Measure- hsp70 (Michels et al., 1999; Tsai and Douglas, 1996).
Thus, this rsp1-1 mutant protein is predicted to be de-ments of MT dynamics, coupled with fluorescence
speckle microscopy, and the localization of the MT plus fective in hsp70 interaction or activation. An rsp1 mutant
in which the entire J domain was deleted (rsp1J; 1-end binding protein tea1p (data not shown) showed that
the MT aster was organized with stable MT minus ends 99aa) had a phenotype similar to the rsp1-1 mutant (see
Supplemental Figures S2E–S2G). Thus, these data andat the focus and dynamic MT plus ends emanating out.
No obvious defects in spindle pole function, mitotic previous studies with other J domain proteins suggest
that rsp1p may function by recruiting an hsp70 chaper-spindle assembly, or elongation were seen. Therefore,
rsp1-1 cells may have a defect in the organization of one protein (ssa1p).
interphase but not mitotic MTs.
Time-lapse imaging of microtubules and the nuclear A Null rsp1 Mutant Has a Different
envelope revealed causes of nuclear mispositioning. MT Phenotype Than rsp1-1
asters moved around the cell, apparently due to asym- As the rsp1-1 mutant may not represent a null allele of
metric MT pushing forces (see Supplemental Movies rsp1, we analyzed a deletion allele of rsp1. rsp1 is a
S3 and S5 at http://www.developmentalcell.com/cgi/ nonessential gene, as rsp1 cells were viable and did
content/full/6/4/497/DC1). Often, the aster moved ex- not exhibit any detectable growth defects. rsp1 mu-
tensively around the perimeter of the nucleus but caused tants had milder nuclear positioning, division site posi-
only small movements of the nucleus itself (see Supple- tioning, and cell shape defects than rsp1-1 cells (Figures
mental Movie S3). Another subset of MT foci was clearly 1D and 1E). Unlike rsp1-1 cells, rsp1 cells generally
not associated with the nucleus and moved indepen- did not exhibit MT asters. Instead, they often possessed
dently of the nucleus. The effects of this abnormal MT two MT bundles (51% cells, n  400), in contrast to the
organization illustrate the importance of the normal MT three to five bundles seen in wild-type cells (83%, n 
array in centering the nucleus and regulating cell polarity 661) (Figure 1C).
(Chang, 2001).
eMTOC Disassembly in Wild-Type Cells
Defects in microtubule organization in rsp1 mutants ledrsp1 Encodes a J Domain Protein,
which Interacts with an Hsp70 us to examine microtubule organizing centers around
the time of cell division, when iMTOCs are established.We cloned the rsp1 gene (GenBank accession number
NP 595625) by complementation of the rsp1-1 mutant. As an MTOC marker, we used a GFP fusion to alp4p,
the Spc97/GCP2 component of the -tubulin complexSequence analysis revealed that rsp1 has a J domain
(42.4% identity to J domain of DnaJ) (see Supplemental (Vardy and Toda, 2000). This alp4p-GFP fusion is func-
tional and is expressed from the chromosomal alp4 lo-Figure S1 at http://www.developmentalcell.com/cgi/
content/full/6/4/497/DC1) at its N terminus. The remain- cus from the alp4 promoter.
We examined the behavior of the eMTOC and iMTOCsder of rsp1p contains no detectable sequence motifs or
significant similarity to other proteins. Thus, rsp1p is in in wild-type cells (see Supplemental Movie S4 at http://
www.developmentalcell.com/cgi/content/full/6/4/497/a class with J domain proteins such as auxilin that share
only a J domain, in contrast to other J domain proteins DC1). Beginning in midanaphase, MTs grew from the
eMTOC in the region of the septum (Figure 2A). Alp4pthat are similar throughout their sequence to DnaJ co-
chaperones (hsc40s) (Kelley, 1998). formed an eMTOC ring from midanaphase and closed
with the contractile ring to form one or two dots at theJ domains have been found to directly bind and acti-
vate hsp70 (DnaK) chaperone activity (Kelley, 1999). septum (Figure 3A). At the end of septation, alp4p-GFP
sometimes remained at the septum as a single dot thatThus, we tested whether rsp1p may interact with an
hsp70. S. pombe has eight hsp70s, which have not been later disappeared. In other cells, alp4p-GFP split into
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Figure 2. rsp1 Mutants Are Defective in the Dynamic Reorganization of Microtubules during Cell Division
Cells were imaged approximately every 60 s in multiple focal planes on a confocal microscope. Projections of representative frames are
shown. (A) Wild-type cells expressing GFP-tubulin and Nup107-GFP (FC1025). (B) rsp1-1 cells expressing GFP-tubulin (FC1035). (C) rsp1
cells expressing GFP-tubulin and Nup107-GFP (FC1026). Green split arrows point to the MT foci representing the eMTOCs. Red arrows point
to the SPBs, which were followed from prior images in mitosis. (D) Images of GFP-tubulin in rsp1-1 (FC1035) and wild-type cells (FC1025)
during anaphase. Arrow points to a premature equatorial MT focus in the cytoplasm. (E) Timing of equatorial MT focus formation in relationship
to mitotic spindle lengths (n  17 cells). Scale bars, 5 m.
two dots, each of which partitioned to a daughter cell Rsp1p Is Required for eMTOC Disassembly
and iMTOC Formationand then stayed at the septum or occasionally moved
a short distance into the daughter cell before disassem- rsp1-1 cells exhibited a striking defect in eMTOC disas-
sembly. Time-lapse images of GFP-labeled MTs showedbling (Figure 3A). During this period, MTs ceased to be
nucleated from the septum. that the MT focus at the septum persisted, entered, and
moved extensively in the daughter cell, often mergingMost interphase MT bundles that were organized from
the nuclear envelope were established concurrently with with another SPB-associated MT focus to form a single
large MT aster (Figures 1C, 1D, and 2B, see Supplemen-the disassembly of the eMTOC (Figure 2A). One of the
interphase MT bundles was formed by the SPB during tal Movie S5 at http://www.developmentalcell.com/cgi/
content/full/6/4/497/DC1). Time-lapse imaging of alp4p-mitosis as an astral MT. During septation, additional MT
bundles organized from other regions of the nuclear GFP confirmed the persistence of the eMTOC in rsp1-1
cells.Alp4p-GFPfluorescenceintensitiesateMTOCs at theenvelope appeared (Figure 2A). At least some of these
MTs may have arisen by de novo nucleation (our unpub- septum were, on average, twice as bright in rsp1-1 cells
compared to eMTOCs in wild-type cells (Figure 3F). Aslished data). However, the density of MTs precluded us
from determining the origin of these MT bundles in a with the MT aster, the eMTOC alp4p-GFP dot in rsp1-1
persisted and moved from the septum into the daughterdefinitive manner.
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Figure 3. rsp1 Mutants Are Defective in
eMTOC Disassembly
Maximum projections of time-lapse wide-
field images of alp4p-GFP in (A) wild-type
cells (FC860), (B) rsp1-1 (FC1028), and (C)
rsp1 (FC1029). Green split arrows point to
the eMTOCs and red arrows to the SPB. (D)
rsp1-1 cells coexpressing alp4p-YFP and
CFP-tubulin (FC1154). (E) Quantitation of
number of large alp4p-GFP dots seen in in-
terphase cells with 7–12 m cell length. “1
dot” represents either one dot or two dots
within 1 um of each other. Dots were counted
only if they persisted between two images
120 s apart (n  153 cells for each strain). (F)
Alp4p-GFP maximum fluorescence intensi-
ties of fully constricted eMTOC dots at the
septum in rsp1alp4GFP (n  9) and rsp1-
1alp4GFP (n  21) and of SPBs (n  48).
(G) Immunoblot of alp4p-GFP in wt (FC860),
rsp1-1 (FC1028), and rsp1 (FC1029) with tu-
bulin as a loading control. (H) rsp1-1 cells
(FC1028) with alp4p-GFP (green), anti-
cdc31p centrin staining (red), and DAPI (blue,
overlay panel). Maximum projection of Z se-
ries is shown. Scale bar, 5 m.
cell (Figure 3B). Frequently, the persistent eMTOC dot shown), suggesting that the whole -tubulin complex
exhibited this behavior. The prevalence of these abnor-moved toward the SPB and then coupled with the SPB
as a pair (0.35–1.0 m apart) or “merged” with the SPB mal MTOCs suggested that the eMTOC persists
throughout most of the cell cycle.into a single dot. Whereas nearly all wild-type interphase
cells had only one prominent alp4p-GFP dot (the SPB), rsp1-1 cells also exhibited premature eMTOC forma-
tion. To quantitate this effect, the length of the mitoticmost rsp1-1 cells (61%, n  179) showed two bright
alp4p-GFP dots. Only one of these dots also contained spindle was used as a measure of anaphase progression
(as spindle elongation rates were normal in rsp1-1 mu-the SPB-specific marker centrin (n  95) (Figure 3H)
(Paoletti et al., 2003), confirming that the second dot tant [data not shown]). In wild-type cells, the eMTOC
began to nucleate MTs in late anaphase with a spindlewas derived from the eMTOC. Cells with only a single
alp4p-GFP dot may represent cases in which the SPB length of 12.2 	 1.3 m (n  17), whereas in rsp1-1, an
MT focus appeared significantly earlier, in cells with aand eMTOC moved close together (
0.35 m apart by
resolution of light microscopy), as they sometimes sepa- spindle length of 6.13 	 2.8 m (n  21) (Figures 2D
and 2E). As the SIN pathway regulates eMTOC formationrated into two dots that moved independently before
rejoining. Each alp4p dot was associated with an MT (Heitz et al., 2001; Pardo and Nurse, 2003), rsp1p may
regulate SIN activity. However, the premature appear-focus or bundle (Figure 3D). -tubulin-GFP also localized
to two bright interphase dots in rsp1-1 cells (data not ance of MTs from the eMTOC may also be caused by
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the persistence of the eMTOC from the previous cell
cycle. Although some eMTOCs may be assembled de
novo, we did observe occasions in which an extra cyto-
plasmic alp4p-GFP dot persisted from the previous in-
terphase, moved to the cell equator, and became part
of the eMTOC (data not shown).
In addition to eMTOC effects, rsp1-1 cells also had
defects in iMTOC formation. Stable MT bundles that
were not associated with the SPB or the eMTOC (Figure
2B) were absent or greatly reduced. Western blotting
showed that rsp1 mutants expressed normal amounts
of alp4p (Figure 3G). Thus, the changes in alp4p and
nucleation activities arose from changes in its distribu-
tion and organization, not from differences in protein
expression. These effects on eMTOC and iMTOCs may
be explained by a model in which eMTOC disassembly
leads to the formation of iMTOCs (see Discussion).
rsp1 cells exhibited only a subset of the mutant phe-
notypes seen in rsp1-1. In rsp1 cells, the equatorial
MT focus and the eMTOC alp4p-GFP dots persisted and
moved into the daughter cells, as in rsp1-1 cells (Figures
2C and 3C, see Supplemental Movie S6 at http://www.
developmentalcell.com/cgi/content/full/6/4/497/
DC1). iMTOC formation was likewise deficient. However,
unlike rsp1-1 cells, the eMTOC and the SPB each orga-
nized a normal bipolar MT bundle structure instead of an
MT aster. Time-lapse imaging of cells in early interphase
showed that the eMTOC did not pair with the SPB (n 
292 cells). However, counting all interphase cells re-
vealed that a majority possessed only a single large
alp4p-GFP dot, suggesting that the eMTOC may not be
Figure 4. Localization of Rsp1p to MTOCs and Satellitesas stable as in rsp1-1 (Figure 3E).
Live cells were imaged using wide-field fluorescence microscopyIn summary, this analysis revealed an unexpected
in single (A and C) or multiple focal planes (B). (A) Wild-type cellscause for the abnormal MT organization in rsp1 mutants.
expressing rsp1p-YFP (FC1142) during interphase and septation.
These mutants exhibited defects in both eMTOC disas- Small arrows point to the SPB and wide arrow points to the eMTOC.
sembly and iMTOC formation so that the eMTOC per- (B) Cells treated with MBC show three to five perinuclear dots. (C)
sists and organizes MTs in place of the iMTOCs. rsp1 Cells expressing rsp1p-YFP (green) and CFP-tubulin (red) (FC1036)
in interphase, mitosis, and septation. Wide arrows point to rsp1p-cells generally had two MT bundles: one organized by
YFP localization to SPBs in mitosis and to the eMTOC in septatingthe SPB and the second by the persistent eMTOC.
cells. In top panel, arrows point to satellites along MTs. In lowerrsp1-1 cells had an additional defect that caused the
interphase panel, arrows point to rsp1p satellites at MT ends. ScaleMTOCs and MT minus ends to come together to form
bars, 5 m.
a single MT aster.
Rsp1p Is Located at Microtubule Organizing
and Merdes, 2002; Kubo et al., 1999; Young et al., 2000)Centers and Motile Satellites
and will be referred to here as “satellites.” Rsp1p satel-To test whether rsp1p may function directly at MTOCs,
lites were arranged in linear tracks along MTs and disap-we examined the localization of functional rsp1p-GFP
peared upon MBC treatment (Figures 4A–4C and 5A).(or YFP) fusions expressed from the chromosomal rsp1
We analyzed the motility of these dots in cells moder-promoter. In interphase cells, rsp1p was present in peri-
ately overexpressing rsp1p-GFP, because rsp1p-GFPnuclear dots associated with MT bundles (Figures 4 and
satellites expressed from the chromosomal rsp1p-5A). One of these dots was the SPB, as it colocalized
GFP construct were too dim for extensive time-lapsewith the SPB marker sad1p (data not shown). When MTs
analysis. Rsp1p satellites moved in a directed linearwere depolymerized by methyl-benzidazole-carbamate
manner toward both MT plus and minus ends (Figures(MBC), rsp1p-GFP appeared in three to five perinuclear
5A and 5B, see Supplemental Movie S7 at http://www.dots, suggestive of iMTOCs (Figure 4B; see below). Dur-
developmentalcell.com/cgi/content/full/6/4/497/ing mitosis and septation, rsp1p was located at the SPBs
DC1). Most satellites (80%, n  68) moved away fromand at the eMTOCs (Figure 4). The C-terminal portion
the medial nucleus toward the cell tips in a predicted(aa 100–494) of rsp1p and not the J domain was required
MT plus end-directed manner with an average rate ofand sufficient for MTOC localization (see Supplemental
2.6 	 1.4 m/min (range 0.3–5.8 m/min; n  53 dots)Figures S2C and S2E at http://www.developmentalcell.
(Figures 5B and 5C). Twenty percent of satellites movedcom/cgi/content/full/6/4/497/DC1).
toward the nucleus in the predicted MT minus end direc-Rsp1p-GFP was also localized in multiple small cyto-
tion with an average rate of 5.6 	 4.1 m/min (range,plasmic dots. These dots possessed similar characteris-
tics to satellites seen in mammalian cells (Dammermann 1.2–11 m/min; n  15 dots). A subset of satellites was
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-Tubulin Complex Components Localize
to Satellites in an Rsp1p-Dependent Manner
In the course of these experiments, we fortuitously ob-
served that alp4p-GFP (a -tubulin complex component)
was also present in motile satellites (Figure 6A, left
panel). Like rsp1p, these small alp4p-GFP dots were
present in practically all interphase cells (Figure 6C),
distributed on MT and at MT plus ends (Figure 6A,
arrow), moved in both the predicted MT plus and minus
directions (Figure 6B, see Supplemental Movies S8 and
S10 at http://www.developmentalcell.com/cgi/content/
full/6/4/497/DC1), and were absent in MBC-treated cells
(Figures 6F–6H). Notably, we observed in dividing cells
that some alp4p-GFP dots move away from the eMTOC
(Figure 6E, red arrow; see Supplemental Movies S9
and S10). A functional gtb1p-GFP (-tubulin) fusion
expressed at low levels was also present in similar
satellites (although the localization of gtb1p-GFP to ad-
ditional cytoplasmic structures often obscured visual-
ization of these dots). Given their similar properties, we
tested whether alp4p and rsp1p satellites may be the
same structures. Indeed, alp4p-CFP dots colocalized
with rsp1p-YFP dots (Figure 6H). Thus, rsp1p and
-tubulin complex proteins are components of motile
satellites that move on interphase MTs.
Strikingly, satellites (as imaged by alp4p-GFP, gtb1p-
GFP, or rsp1p-GFP) were missing or significantly re-
duced in rsp1-1 and rsp1 mutant cells (Figures 6B
and 6C, see Supplemental Figure S2C at http://www.
developmentalcell.com/cgi/content/full/6/4/497/
DC1). The large majority of rsp1 cells (77%, n  319)
and rsp1-1 cells (84%, n 301) had no alp4p-GFP satel-
lites (Figure 6C). Remaining satellites were fewer in num-
ber and much smaller or dimmer than in wild-type cells.
In rsp1-1, they were usually present only around the
eMTOC. Thus, rsp1p, possibly through its effects on
eMTOC disassembly, is required for satellite formation
or maintenance (see Discussion).
Figure 5. Movement of Rsp1p Satellites along Interphase Microtu-
-Tubulin Complex Components and Rsp1pbules
Are Present at iMTOCsWild-type cells expressing rsp1p-GFP (FC1023) were imaged in
Next, we tested whether the -tubulin complex andtime-lapse using wide-field microscopy in a single focal plane. (A)
Time-lapse images of satellites moving toward the cell tip (red rsp1p are localized at iMTOCs. We define iMTOCs as
arrows) and toward the nucleus (green arrows). (B) Lifetime plots the three to five perinuclear stable tubulin dots in MBC-
of nine representative rsp1p-GFP satellites from different cells. The treated interphase cells. Alp4p-GFP and rsp1p coloca-
positive y axis represents movement in the MT plus end direction,
lized in perinuclear dots in MBC-treated cells (Figureand the negative y axis represents movement in the MT minus end
6H). We confirmed that these alp4p-GFP perinucleardirection. (C) Histogram of the average rates of movement for 68
rsp1p-GFP satellites. Positive rates (red) represent movement in dots were iMTOCs by examining MT regrowth from
the predicted MT plus end direction, and negative rates (green) these dots. Using imaging chambers in which MBC can
represent movement in the predicted MT minus end direction. Scale be washed in and out, we observed that MTs shrank to
bar, 5 m.
these iMTOC alp4p-GFP dots in MBC, and, upon re-
moval of the MBC, MTs rapidly grew back from these
dots. During the MT grow-back period, the alp4p-GFPobserved at MT plus ends (Figure 4C, second panel) and
dot at the iMTOC sometimes spread out around the MTmoved at rates predicted for MT growth and shrinkage,
or was retained as a dot (Figure 6G). Analysis of MBC-suggesting that they might associate with both growing
treated cells showed that that the appearance of alp4pand shrinking MT plus ends. These satellites are more
at iMTOCs was regulated in a cell cycle-dependent man-numerous and exhibit more complex movements than
ner: alp4p at iMTOCs disappeared as cells entered mito-those seen with MT plus end binding factors such as
sis and started to reestablish in dots around the nucleustip1p and tea1p (Niccoli and Nurse, 2002), suggesting
during septation and eMTOC breakdown (Figure 6F,that they also probably move both along MTs as well
as at the MT tips. right panel, and our unpublished data).
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Figure 6. Localization of Alp4p to Rsp1p-
Dependent MT Satellites and to iMTOCs
Cells were imaged for GFP fluorescence us-
ing wide-field microscopy in multiple focal
planes (B and F) or in single focal planes (A,
D, E, G, and H). (A) Cells (FC1143) expressing
alp4p-YFP (green) and CFP-tubulin (red).
Arrow points to alp4p-YFP at the MT plus
end. (B) Localization of alp4p-GFP in wild-
type (FC860), rsp1 (FC1029), and rsp1-1
(FC1028) cells during interphase and septa-
tion. Arrows indicate eMTOCs. (C) Percent of
wild-type, rsp1, and rsp1-1 cells containing
alp4p-GFP satellites (n  300 for each cell
type). Measurements were obtained from ex-
amination of multiple Z sections. rsp1 mu-
tants exhibited dots much smaller and more
sparse than wild-type satellites. (D and E)
Movement of alp4p-GFP satellites in pre-
dicted MT plus end (red arrows) and MT mi-
nus end directions (green arrows) during in-
terphase (D) and septation (E). (F) Alp4p-GFP
(FC860) cells were treated with MBC. Local-
ization of alp4p-GFP in four to six perinuclear
dots in interphase cells (left panel), eMTOCs
(arrows), and nascent iMTOCs in septating
cells (arrowheads). (G) Cells expressing
alp4p-YFP and CFP-tubulin (FC1143) were
imaged in a flow chamber in which 25 g/ml
MBC was washed in and out. In the first panel,
arrows indicate alp4p-YFP satellites, and the
line underlines additional satellites along the
bottom MT prior to MBC addition. In the sec-
ond panel, upon MBC treatment, arrows
show perinuclear iMTOC dots containing
alp4p and tubulin. (H) Colocalization of rsp1p-
YFP and alp4p-CFP (FC1142) in interphase,
septating cells, and cells treated with MBC.
Arrows refer to MT satellites (interphase) and
iMTOCs (MBC). Scale bars, 5 m.
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al., 2000; Vardy et al., 2002). The average number of
interphase MT bundles in each cell gradually decreased
to one (Figure 7C), and some MT bundles curved around
the cell tips. Nuclear positioning defects and abnormal
bent cell morphology accompanied these MT defects
(Figure 7B). Still later in the induction time course, cells
developed mitotic abnormalities and began to elongate,
indicative of cell cycle delays. In cells overexpressing
rsp1p-GFP, rsp1p-GFP coated the MT bundles and ac-
cumulated at MTOCs (data not shown).
In a separate series of experiments, we tested the
function of the J domain. In these constructs (with a
medium strength nmt1 promoter), rsp1p overexpression
inhibited alp4p straining at the eMTOC, while overex-
pression of rsp1-1p and rsp1Jp did not (data not
shown). Thus, rsp1p inhibition of the eMTOC is depen-
dent on the J domain.
Discussion
Rsp1p and Disassembly of the eMTOC
Here, we have identified rsp1p as a key regulator of an
MTOC transition in which the eMTOC is disassembled
and iMTOCs are assembled in the new daughter cells.
Our experiments show that rsp1p is a dose-dependent
inhibitor of the eMTOC. The eMTOC does not break
down in rsp1 mutants but generally persists in the
daughter cells and continues to nucleate MTs, contribut-
ing to abnormal MT organization during interphase.
Overexpression of rsp1p produced the opposite effect,
inhibiting the formation of the eMTOC. Rsp1p is located
at all of the MTOCs in the cell, including the eMTOC,
suggesting that its effect on MTOCs is direct.
The J domain in rsp1p suggests a molecular mecha-
Figure 7. Rsp1p Overexpression Causes Defects in eMTOC Forma- nism for eMTOC disassembly. J domain proteins com-
tion, Microtubule Organization, and Mitosis
prise a large protein family with diverse functions (Chee-
Wild-type cells carrying pPT14a (pnmt-rsp1) were shifted to thia-
tham and Caplan, 1998). Biochemical studies with othermine-deficient media at time 0, incubated at 30C, and assayed at
J domain proteins show that the conserved J domaindifferent time points. The nmt1 promoter is induced only after 10–15
recruits hsp70, while another portion of the J proteinhr in these conditions. (A) Alp4p-GFP localization in vector control
(wild-type, FC1031) or in cells overexpressing rsp1p (FC1032) at 14 binds a substrate, presenting it to hsp70. The J domain,
hr. The presence of the eMTOC (arrows) was examined in cells in via the HPD motif, stimulates ATPase activity of hsp70,
late anaphase with two SPBs at the ends of the cell. (B) Rsp1p which then exerts an ATP-dependent conformational
overexpression effects on the eMTOC, nuclear positioning, chromo-
change on its substrate, potentially leading to the weak-some condensation, and nuclear number in the induction time
ening of protein-protein interactions and the reorganiza-course (n  100 cells at each time point, n  222 for alp4p-GFP
tion or breakdown of large protein complexes (Kelley,expressing cells). (D) Number of MT bundles in the induction time
course (n  100 cells at each time point). Scale bar, 5 m. 1998, 1999). Well-established examples of J domain pro-
teins in disassembly include auxilin, which disassem-
bles clathrin cages to uncoat endocytic vesicles (Lem-
mon, 2001; Ungewickell et al., 1995); DnaJ, whichOverexpression of Rsp1p Inhibits the eMTOC
To define further the function of rsp1p, we examined liberates DnaB during lambda DNA replication (Zylicz et
al., 1989); DNA tumor viral T antigen, which disassem-the effect of rsp1p overexpression. Rsp1p was ex-
pressed from the strong thiamine-repressible nmt1 pro- bles Rb-E2F complexes during cell cycle regulation
(Harris et al., 1998); and a kinesin light chain, whichmoter on a multicopy expression plasmid (pREP3X). At
early time points in the induction after thiamine removal, helps to disassociate kinesin from vesicles in axons
(Tsai et al., 2000). Our studies suggest that the J domaineMTOC assembly was inhibited: alp4p-GFP was absent
or greatly reduced at the septum during late anaphase of rsp1p interacts with a cytoplasmic hsp70 to disas-
semble the eMTOC. Consistent with this model, rsp1p(Figure 7A), and MTs were missing from the medial region.
Thus, rsp1p overexpression may stimulate eMTOC disas- interacts with the hsp70 ssa1p (and possibly other
hsp70s). While the N-terminal J domain is required forsembly.
At later time points, rsp1p overexpression also caused rsp1p function, the rest of rsp1p is sufficient for MTOC
localization and thus may target hsp70 to substratedefects in interphase and mitotic MT organization similar
to those seen in mutants of -tubulin complex compo- MTOC proteins.
Hsp70s and J domain proteins have been found innents (Flory et al., 2002; Fujita et al., 2002; Paluh et
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centrosomes and microtubule-associated structures in of eMTOC disassembly during the cell cycle; (3) in rsp1
mutants in which eMTOC disassembly is blocked,many eukaryotes, but in large part, their functional sig-
nificance remains unclear (Liang and MacRae, 1997). In alp4p-GFP fluorescence is increased in the eMTOC (Fig-
ure 3F), satellite formation is greatly reduced, and iMTOCsbudding yeast, mutations in four hsp70 genes (a quadru-
ple mutant) or in the DnaJ protein ydj1p produces mitotic are not formed; (4) microtubules may be required for
eMTOC disassembly, perhaps to “carry away” the satel-spindle defects and abnormally long MTs (Oka et al.,
1998). In Volvox, the J domain protein glsA localizes in lites, because in MBC-treated cells, the eMTOC persists
and enters the daughter cell (our unpublished data); andthe vicinity of the mitotic spindle and is required for
asymmetric cleavage during germ cell differentiation (5) in the rsp1 mutant, the eMTOC persists, moves to
the nuclear envelope, and organizes a normal bipolar(Miller and Kirk, 1999). In sea urchin cells, injection of
anti-hsp70 antibodies impairs mitosis (Agueli et al., MT bundle, suggesting that the eMTOC contains the
necessary components for organization of both MT2001; Sconzo et al., 1999). Multiple and overlapping
functions of hsp70s can make the interpretation of the structures.
An alternative model is that rsp1p, which is presentphenotypes difficult. For instance, the fission yeast
ssa1 mutant did not have defects in MT organization in all these structures, may be responsible for the as-
sembly or disassembly of each individual structure. Fu-(our unpublished data), consistent with the extensive
functional redundancy between hsp70s seen in budding ture experiments to probe the relationships between
these structures are needed to distinguish betweenyeast. The more-specific function of rsp1p helps to de-
fine a new function for chaperones at MTOCs. these models.
iMTOCs and Satellites
Rsp1p Regulates Microtubule Aster Formation
iMTOCs are still enigmatic structures. We have defined
Rsp1p also functions in the regulation of MT aster forma-
them functionally as points on the nuclear envelope from
tion. In rsp1-1 mutants, MTs were organized into asters
which interphase MTs regrow. We show that iMTOCs
through an activity that brings the eMTOC and SPB (MT
also contain -tubulin complex components and rsp1p.
minus ends) together, while this activity was absent from
Whether -tubulin actively nucleates MTs from the
rsp1 mutants. This difference between the mutant al-
iMTOC is still not clear, but -tubulin complex mutants
leles suggests that rsp1p plays at least two functions:
do often exhibit fewer and abnormal interphase MT bun-
one function, which is J domain independent, is to pro-
dles with altered dynamics (Fujita et al., 2002; Paluh et
mote MT aster formation, and another function, which
al., 2000; Vardy and Toda, 2000).
is J domain dependent, is to inhibit aster formation. We
Surprisingly, we found that the -tubulin complex and
propose that rsp1p recruits a MT minus-bundling protein
rsp1p also reside in small particles (satellites) that are
and then negatively regulates it by recruitment of hsp70.
at MT plus ends and move along MTs in both the plus
This control of MT bundling and aster formation may
and minus end directions. The patterns and rates of
be important in both the disassembly of the MT asters
movement suggest that these particles may associate
formed by the eMTOC and the assembly of interphase
with one or more MT motor proteins. The function of
MT bundles. Our preliminary observations show that
satellites is not clear. As each MT bundle only contains a
rsp1p interacts with a member of the Kar3-Ncd class of
small number of MTs, these satellites cannot all actively
minus end-directed kinesins that can form MT bundles
nucleate MTs or cap MT minus ends. We speculate that
and asters (Endow et al., 1994; Nedelec et al., 1997;
satellites may be transport vehicles that move MTOC
Prigozhina et al., 2001).
components for their redistribution and reorganization.
They may even serve collectively as “the iMTOC” to
organize MT bundles. To our knowledge, this is the first MTOC Dynamics in the Cell Cycle
observation of -tubulin complex components at the MT and during Development
plus end and may provide insight into the perplexing This study highlights the necessity of MTOC disassem-
effects of -tubulin mutants on MT plus end dynamics bly in regulating MT organization. Other instances of
(Paluh et al., 2000). centrosome downregulation illustrate the possible im-
portance of this process in cell cycle and developmental
regulation. In cell cycle control, centrosomes in Dro-Relationship between eMTOCs, Satellites,
and Interphase Microtubule Bundles sophila are dismantled in G2 phase following exposure
to irradiation as part of a checkpoint response (Sibon etThe effects of rsp1p suggest an unexpected relationship
between the eMTOC, satellites, and iMTOCs. We specu- al., 2000). During muscle differentiation prior to myoblast
fusion, MTs undergo a transition from a radial arraylate that rsp1p may break down the eMTOC into smaller
complexes (satellites), which move to the nuclear enve- nucleated from a discrete centrosome to a linear array
organized from the nuclear envelope (Tassin et al., 1985).lope along MTs to establish an iMTOC. In this scenario,
rsp1p may have a primary role in the disassembly of the During this transition, the centrosome is disassembled,
and centrosomal material is redistributed to the nu-eMTOC, as a defect in eMTOC disassembly would lead
to subsequent defects in satellites and MT bundle for- clear envelope.
Motile particles of centrosomal material have beenmation. This model is supported by a number of obser-
vations: (1) we have directly observed alp4p-GFP satel- observed in many cell types. In vertebrate cells, PCM-1
and ninein localize to “pericentriolar satellites” that rep-lites leaving the eMTOC and moving toward the nuclear
envelope during eMTOC disassembly (Figure 6E); (2) the resent 70–100 nm granules (Dammermann and Merdes,
2002; Kubo et al., 1999). Pericentrin and -tubulin alsonumber and timing of satellites correlates with the extent
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as alp4-GFP, were grown to exponential phase overnight in 2–3 mllocalize to motile dots (Young et al., 2000). These parti-
liquid cultures with shaking at 30C. Cells were imaged on agar padscles move toward the centrosome in a manner depen-
for long time-lapse acquisition (Tran et al., 2001) or under coverslipdent on MTs, dynein, and dynactin, where they may
in 1l of liquid media and sealed with VALAP. For MT depolymeriza-
contribute to centrosomal assembly (Dammermann and tion and regrowth experiments, cells were placed into flow chambers
Merdes, 2002; Kubo et al., 1999; Young et al., 2000). as described in Browning et al. (2003), except that poly-L-lysine-
coated coverslips were used to adhere the cells. Methyl-benzida-Drosophila centrosomal proteins centrosomin and D-TACC
zole-carbamate (MBC, Aldrich) was used at 25 g/ml final concen-have been seen to move away from the centrosome
tration (Tran et al., 2001). CFP--tubulin was expressed from pRL71after mitosis (Megraw et al., 2002). In plant cells, motile
(Glynn et al., 2001). MT dynamics were measured as described (TranMTOCs may move MTs (Chan et al., 2003). Further stud-
et al., 2001). Rates of rsp1p-GFP satellite movement were derived
ies on MTOC regulation in fission yeast are likely to from images obtained in 3–4 s intervals. Only satellites that could
provide insights into the molecular bases for MT organi- be tracked for three or more time points were measured. Rhodamine
phalloidin staining was performed on formaldehyde-fixed cells aszation of many cell types, especially those, such as
described (Pelham and Chang, 2001).epithelial and muscle animal cells, plant cells, and other
fungal cells, that possess nonradial MT arrays (Dammer-
Immunoprecipitation and Western Blot Analysismann et al., 2003; Mogensen, 1999; Steinberg et al.,
For protein expression determination, total protein extracts were
2001; Wasteneys, 2002). prepared by boiling and glass bead disruption in RIPA as described
(Blanco et al., 2000). For immunoprecipitations, strains with pRE-
Experimental Procedures P41x:myc-rsp1 were partially induced for the nmt promoter by
growth in thiamine-free media for 11 hr at 30C. Mortar and pestle
Yeast Strains, Media, and Genetic Methods yeast extracts in CXS buffer (Glynn et al., 2001) were centrifugated
S. pombe strains that were used are listed in Supplemental Table 10 min at 13,000 rpm. ATP regeneration buffer (50 l) (10 mM phos-
S1 (at http://www.developmentalcell.com/cgi/content/full/6/4/ phocreatine, 35 U of creatine phosphokinase, and 2 mM  ATP[5-
497/DC1). Standard methods for media, genetic manipulations, and O-3-thiotriphosphate]) was added to 200 l of cell extract and then
immunofluorescence are described in the Nurse Lab Handbook at cleared by centrifugation for 30 min at 35,000 rpm. Anti-Myc 9E10
http://www.sanger.ac.uk/PostGenomics/S_pombe/links.shtml. (2 g) (Santa Cruz Biotechnology) antibodies were bound to M280
The rsp1-1 mutant was isolated in a screen for mutants defective sheep anti-mouse IgG Dynalbeads (Dynal ASA, Norway) for 45 min
in diploid formation (Tange and Niwa, 1995). The mutation was out- at 4C in PBS and washed with PBS and CSX buffers. Each sample
crossed multiple times with clean segregation patterns before analy- (0.7 g) and additional ATP (to 2 mM) was added to beads and
sis. In cloning rsp1, pJZ1 was isolated from an S. pombe genomic incubated for 2 hr at 4C. Immunoprecipitates were collected by
library (gift from P. Young) as a plasmid that suppressed the pink magnet and washed twice with CXS with 150 mM NaCl and twice
color of rsp1-1 colonies grown at 36C on YE plates with 5 mg/ml with CSX with 250mM NaCl. For immunoblots, we used mouse
phyloxin. Subcloning of the 8 kb insert determined the responsible monoclonal anti-GFP (Roche) (1:2000) or mouse TAT1 anti-tubulin
rsp1 ORF (GenBank accession number NP 595625). We confirmed monoclonal antibodies (1:10,000).
this ORF to be rsp1 by genetic linkage to a neighboring gene
(cdc2) and sequencing of the rsp1-1 allele. Acknowledgments
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